Disorders caused by defects in the mitochondrial translation system are clinically and genetically heterogeneous. The elongation phase of mitochondrial protein synthesis requires, among many other components, three nuclear-encoded elongation factors: EFTu (TUFM; 602389), EFTs (TSFM; 604723), and EFG1 (GFM1; 606639). Mutations have been identified in the genes encoding all three elongation factors, and they result in combined respiratory chain deficiencies and severe phenotypes with an early fatal outcome. So far, only eleven patients have been reported with mutations in GFM1. Here we describe an additional three patients with novel GFM1 mutations. Our results confirm the tissue-specific effect of GFM1 mutations, since we found only slightly decreased respiratory chain enzyme activities in muscle and fibroblasts, but a severe deficiency in the liver. Hence, a thorough biochemical evaluation is important to guide genetic investigation in patients suspected for a mitochondrial disorder.
Introduction
Eukaryotes contain two translational systems, one in the cytosol and one in the mitochondria. The mitochondrial translation machinery comprises mitochondrial DNA (mtDNA) encoded rRNA and tRNAs as well as numerous nuclear-encoded proteins, including mitochondrial ribosomal proteins, and initiation, elongation and termination factors [1] . All these components are essential for maintaining the primary function of the mitochondria, the biosynthesis of energy (ATP) via the oxidative phosphorylation (OXPHOS) pathway. Disorders caused by defects in the mitochondrial translation system are clinically and genetically heterogeneous. The elongation phase of mitochondrial protein synthesis requires, among many other components, three nuclear-encoded elongation factors: EFTu (TUFM; 602389), EFTs (TSFM; 604723), and EFG1 (GFM1; 606639). Mutations have been identified in the genes encoding all three elongation factors, and they result in severe phenotypes with an early fatal outcome [2, 3] . Usually, a combined respiratory chain (RC) deficiency is found, i.e. decreased activity of two or more RC complexes, excluding complex II, which is the only complex where the subunits are encoded entirely by the nuclear genome. So far, only eleven patients have been reported with mutations in GFM1 [3] [4] [5] [6] [7] [8] [9] . Here we describe an additional three patients with novel GFM1 mutations.
Materials and methods

Patients
Patient 1
Patient 1 was a boy, the first of three children from healthy Danish parents. The parents were consanguineous since they had common second great grandparents. He was born at term after a normal pregnancy and delivery. All birth parameters were below average, weight was 2200 g (b3 percentile), birth length 45 cm (b3 percentile) and head circumference 32 cm (b 3 percentile). At birth, only a single umbilical artery was noted, and he had dysmorphic features with retrognathia, epicanthus, simply shaped external auricles, a unilateral simian crease, hypospadia, maldescensus testis and a left-sided paralysis of the facial nerve. Abnormal posturing was also noted.
Within the first 10 h he was admitted to the neonatal department due to lactic acidosis with symptoms consisting of twitching of the extremities, abnormal head movements, abnormal breathing and vomiting. There was hypoglycemia with a blood glucose of 0.6 mmol/l (normal value [NV] N 2.5 mmol/l), standard base-excess − 25.1 (NV +/− 3) and serum lactate of 23.4 mmol/l (NV b2.0). He had a normal ECG. Initially he was treated with intravenous glucose, which was discontinued after four days. The following days his respiration normalized and he became clinically stable.
At three months, a brain CT showed bilateral temporal cortical atrophy and widespread hypodense areas in the white matter. He had poor eye contact and his mental development was markedly delayed. He developed liver failure with coagulopathy and encephalopathy and died at four months of age. A muscle biopsy showed hypotrophic muscle fibers and abnormal lipid vacuoles in the sarcoplasm. An autopsy showed severely disordered cortical migration with polymicrogyria, glandular hypospadia, micronodular cirrhosis and germ cell hypoplasia.
Patient 2
Patient 2 was the younger sister of patient 1, born two and a half years later. She was born after a normal pregnancy and delivery at 38 weeks. The birth parameters were all b 3 SD. She developed hypoglycemia with lactic acidosis in the first day of life, and within days, signs of liver dysfunction. She had failure to thrive, with poor weight gain. She died 14 days old. Autopsy was not performed, but a postmortem muscle biopsy showed normal muscle histology.
Patient 3
Patient 3 was a girl, the second child of healthy non-consanguineous parents. She was born after a normal pregnancy and delivery at gestational age 41 + 5. Her birth weight and length were normal (2970 g and 51 cm, respectively), but her head circumference was only 33 cm (b 3 percentile). She was admitted to the neonatal department shortly after birth due to lethargy and attenuated respiration with lactic acidosis, the serum lactate was 25 mmol/l (NV b2.0). During the first week liver dysfunction was found, whereas an echocardiography was normal. A cerebral ultrasound revealed two pseudocysts, but was otherwise normal. Her neurological development was severely delayed, and a cerebral MRI one month old revealed severe leukodystrophy. At two months old she was hypertonic and had onset of epileptic seizures. She died at three months of age during a febrile episode.
Molecular and biochemical analyses
Analysis of RC enzyme activity in muscle, liver and fibroblasts was performed as previously reported [10] .
DNA was extracted from cultured fibroblasts and blood samples using standard methods. Based on the clinical phenotypes with hepatoencephalopathy and a combined RC enzyme deficiency, Sanger sequencing of the coding regions and exon-intron junctions of POLG, DGUOK, MPV17 and GFM1 was performed. The RefSeq for GFM1 was NM_024996.5, primer sequences are available upon request. The bioinformatic programs Sorting Intolerant From Tolerant (SIFT), Polymorphism Phenotyping (PolyPhen-2) and MutationTaster were used for in silico evaluation of the pathogenicity of the mutations. Western blot analysis was performed essentially as previously reported [11] . The membrane was incubated with an antibody against EFG1 (a kind gift from Eric A. Shoubridge, Montreal), and an antibody against porin (Proteintech, Chicago, IL, USA) was used as a loading control. The secondary antibody was goat anti-rabbit (Dako, Glostrup, Denmark).
Results
Analysis of RC enzyme activity in muscle tissue revealed a complex IV deficiency in patient 1 with a slightly decreased complex I activity. In patients 2 and 3, a slight decrease of complex IV was found (Table 1) . Patient 1 had normal RC enzyme activity in fibroblasts, whereas patients 2 and 3 had a decreased complex IV activity (complex I was not investigated in patient 3). In patient 3, a severe combined RC defect was found in liver tissue (Table 1) .
Sequencing analysis of GFM1 in patients 1 and 2 revealed a novel homozygous indel mutation, a deletion of 8 nucleotides combined with an in-frame insertion of 8 adenosine nucleotides (c.130_137delinsAAAAAAAA) (Fig. 1A) . The mutation is predicted to substitute three highly conserved amino acids (EKI) starting from codon 44 with three lysine residues (p.E44_I46delinsKKK) (Fig. 1C) . In silico analysis predicts substitution of the glutamic acid and isoleucine residues with lysine to be potentially pathogenic (SIFT: deleterious (score: 0, median: 3.63), MutationTaster: disease causing (p-value: 1) PolyPhen 2: probably damaging (score: 0.960)). The parents were heterozygous carriers of the mutation.
In patient 3, two missense mutations were identified in GFM1: c.964GNA (p.E322K) located in exon 7 and c.1655TNG (p.V552G) located in exon 14 (Fig. 1B and C) . The parents were each a heterozygous carrier of either mutation. Neither mutation has been reported previously, and they are both located in conserved regions of the protein (Fig. 1C) . Furthermore, in silico analysis predicts both substitutions to be disease-causing (p.E322K: SIFT: deleterious (score: 0, median: 3.63) MutationTaster: disease causing (p-value: 1), PolyPhen 2: probably damaging (score: 0.960)/p.V552G: SIFT: deleterious (score: 0, median: 3.63), MutationTaster: disease causing (p-value: 1), PolyPhen2: probably damaging (score: 0.992)). Western blot analysis showed absence of EFG1 protein in the two siblings (patients 1 and 2), whereas a very weak band (~83 kDa) corresponding to EFG1 was observed in patient 3 fibroblasts (Fig. 1D ).
Discussion
Mutations in GFM1 are associated with a recessively inherited mitochondrial disorder displaying a severe phenotype leading to an early fatal outcome [3] [4] [5] [6] [7] [8] [9] [10] . We here report three patients with GFM1 mutations, two siblings who are homozygous for an in frame mutation (c.130_137delinsAAAAAAAAA) and a patient who is compound heterozygous for two missense mutations (c.964GNA and c.1655TNG). The pathogenicity of these three novel mutations is supported by in silico analysis, segregation analysis, and Western blot analysis showing severely decreased or absent EFG1 protein and decreased RC activity, in concordance with the findings in previously reported patients with GFM1 mutations.
The clinical phenotype of patients with GFM1 mutations is summarized in Table 2 .
In a few patients (4/14) intrauterine growth retardation was found. Most patients were born at term, but half of the patients were small for gestational age. All patients had neonatal onset of disease, usually in the first days of life, with e.g. feeding problems or metabolic acidosis. All patients had psychomotor retardation, and most had hypo-and/or hypertonia. Microcephaly was found in seven of the 14 patients. In addition, polyneuropathy, dystonia, facial dysmorphism and epilepsy were found in a variable number of patients, and, as previously discussed, most had liver failure (11/14). Death was from nine days to four years. Neuroimaging showed bilateral basal ganglia hyperintensities, polymicrogyria, cerebral atrophy, corpus callosum atrophy, delayed myelination or cystic lesions [3] [4] [5] [6] [7] [8] [9] . Hence the clinical phenotype is quite specific, and a defect in EFG1 should be suspected in a patient with neonatal onset of lactic acidosis, psychomotor retardation, hepatic dysfunction and RC deficiency.
EFG1 is a GTPase, which catalyzes the translocation step of mitochondrial protein synthesis. The process involves the movement of peptidyl-tRNA from the ribosomal-acceptor (A) site to the peptidyl (P) site following removal of a deacylated tRNA from the peptidyl (P) site to the ribosomal exit (E) site. This movement results in advancement of the mRNA by one codon and subsequently leaves the ribosomal-acceptor (A) site available for a new elongation cycle [1] . The biochemical deficiency in patients with GFM1 mutations is a combined OXPHOS deficiency, without any quantitative or qualitative mtDNA abnormalities. Interestingly, the deficiency has been shown to be tissue-specific, although GFM1 is ubiquitously expressed [4, 8] . Smits et al. reported a patient with a combined RC enzyme deficiency in fibroblasts, and only a slight decrease of complex III activity in muscle, a rather uncommon finding in mitochondrial disorders [8] . The authors speculated that adaptive processes, e.g. compensatory changes in the levels of other translation factors, may be involved. Antonicka et al. investigated the molecular basis for tissue specificity in two siblings with GFM1 mutations [4] . They found that the severity of the OXPHOS defect in the patients correlated with the amount of mutant protein; EFG1 protein was undetectable in the liver, where BN-PAGE showed less than 10% residual assembly of complexes I and IV, and a 50% decrease in the assembly of complex V. EFG1 was barely detectable in skeletal muscle and fibroblasts, where reductions in RC amount of 50-80% were found, whereas heart tissue showed only a decrease of complex IV of 50%, where EFG1 was present at almost 60% of control levels. They also found that the relative ratios of the levels of the translation factors EFG1, EFTu and EFTs were strikingly different between tissues, with an~4-fold increase of EFTu in patient heart tissue, which could explain the tissue specific defects found in the patients. The RC enzyme analysis in our patient 3 also illustrates a tissue-specific defect, with a severe combined RC deficiency identified in the liver and a much milder defect in muscle and fibroblasts.
EFG1 consists of 751 amino acids and includes five Pfam domains (http://pfam.janelia.org) (Fig. 2) . The novel amino acid substitutions identified in patients 1 and 2 are located in the beginning of the GTP_EFTU domain, a domain which is exposed to conformational changes mediated by the hydrolysis of GTP to GDP, whereas the E322K substitution of patient 3 is located just downstream from this domain. The V552G substitution is located in the EFG_ IV domain, which appears to be essential for the structural transition to take place (Fig. 2) . Western blot analysis showed no visible EFG1 protein in fibroblasts from patients with the indel mutation, whereas a small amount was seen in patient 3 with two missense mutations. Although the patient could theoretically have some residual EFG1 activity, this is not reflected in the phenotype, which is as severe as that seen in other patients with GFM1 mutations. It has been discussed whether the clinical phenotype in patients with GFM1 mutations could be related to the localization of the mutations in EFG1 (Fig. 2) . Most of the patients described display a severe phenotype; lactic acidosis shortly after birth, signs of liver failure within the first weeks of life and encephalopathy with a fatal course within the first year of life ( Fig. 2: mutations illustrated above the EFG1) [4] [5] [6] [7] . However, a few patients, two patients homozygous for p.R250W and p.R671C, respectively, and one patient compound heterozygous for p.R47X/p.M496R, had a slightly milder course without affection of the liver and longer survival, up until 4 years [3, 7, 8] (Fig. 2 , mutations illustrated below EFG1). Interestingly, in silico 2D modeling of the location of the three apparent milder missense mutations in EFG1 showed an association to the peripheral regions of the protein, in contrast to three other missense mutations located in the central part of the protein, where the clinical phenotype included hepatic failure. The authors suggested that the location of these mutations could explain the tissue-specific involvement observed in these patients [7] .
In summary, we report three additional patients with novel GFM1 mutations, and phenotypes similar to those of previously reported patients. Our results confirm the tissue-specific effect of GFM1 mutations, since we found not only slightly decreased RC enzyme activities in muscle and fibroblasts, but also a severe deficiency in the liver. Hence, a thorough biochemical evaluation is important to guide genetic investigation in patients suspected for a mitochondrial disorder. 
